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ABSTRACT

We shav how to interoperatesemanticallyand inferentially, be-
tween the leading SemanticWeb approachego rules (RuleML

Logic Programs)and ontologies(OWL/DAML+OIL Description
Logic) via analyzingtheir expressie intersection.To do so,we de-
ne anew intermediat&knowledgerepresentatioiKR) contained
within this intersection:DescriptionLogic Programs(DLP), and
the closelyrelatedDescriptionHorn Logic (DHL) whichis anex-

pressve fragmentof rst-order logic (FOL). DLP providesasignif-

icantdegreeof expressienesssubstantiallygreaterthanthe RDF-

Schemdragmentof DescriptionLogic.

We shav how to performDLP-fusion the bidirectionaltransla-
tion of premisesndinferencegincludingtypical kindsof queries)
from the DLP fragmentof DL to LP, andvice versafrom the DLP
fragmentof LP to DL. In particular this translationenableoneto
“build ruleson top of ontologies”: it enableghe rule KR to have
accesso DL ontologicalde nitions for vocalulary primitives(e.g.,
predicatesindindividual constantsysedby therules. Corversely
the DLP-fusion techniquelik ewise enablesone to “build ontolo-
gieson top of rules™: it enablesontologicalde nitions to be sup-
plementedy rules,or importedinto DL from rules. It alsoenables
availableef cient LP inferencingalgorithms/implementatiorte be
exploitedfor reasoningover large-scaleDL ontologies.
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1. INTRODUCTION

The challengewe addressn this paperis how andwhy to com-
bine ruleswith ontologiesfor the SemantidMeb (SW). In this pa-
per, we focus on meetingkey requirementgor sucha combina-
tion of rules and ontologiesby establishingthe basisfor a com-
binedlogical knowledgerepresentatiofiKR) formalism. We start
from the currentdraft standardgor ontologies(DAML+OIL) [6]
andfor rules(RuleML) [3] in the SemantidNVeb contet, andshov
how aspectof eachlanguagecanbe translatedo the other Both
standardsorresponavith establishedR formalisms:Description
Logic (DL) in thecaseof DAML+OIL, and(declaratie)logic pro-
grams(LP) in thecaseof RuleML.! This correspondencallows us
to exploit resultsw.r.t. the mappingof eachKR to classicalFirst
OrderLogic (FOL).

A mappingbetweerontologyandrule languagess importantfor
mary aspect®f the SemantidNeb:

Languagelayering The SemantidNMebcanbeviewedaslargely
about’KR meetsthe Web”. Over thelasttwo yearsor so,a broad
consensufiasevolved in the SemanticWeb communitythat the
vision of the SemanticWebincludes,speci cally, rulesaswell as
ontologies A key requiremenfor the SemantidMeb's architecture
overall, then,is to be ableto layerruleson top of ontologies—in
particularto createandreasorwith rule-baseshatmentionvocab-
ulary speci ed by ontology-based#nowledgebases—antb do so
in asemanticallycoherentindpowerful manner

Querying The capabilitiesof ontology languageswith respect
to instancescan be ratherlow, and even conjunctve queries—
theleastexpressie querylanguageusuallyconsideredn database
research—areften not supported4]. This areais a stronghold
of rules, which offer extensie facilities for instancereasoning.
Hence,it is interestingto considercombiningDLs with the rule
paradigmin orderto stateexpressie instancequeriesw.r.t. termi-
nologicalknowledgebases.

Data integration The majority of today's dataresidesin rela-
tional databasesAs the SemantidWeb grows in importance peo-
ple will probablystartexportingtheir dataaccordingto somecho-
senontology This essentiallyleadsto datathat is replicatedin
order to enableontology-basecprocessing.e.g., by readingthe
exported les into a classi er suchas FaCT [12] or Racer[10].

In tandemwith RuleML/LP, we alsofocuson the (positive) Horn
subsebf FOL, whichis closelyrelatedto the positive Horn subset
of LP.



Logic programmingsystemssuchas XSB [16], however, canac-
cessdatabaseslirectly throughbuilt-in predicates. Furthermore,
restrictedvariantsof logic programssuchastheonesestablishedh
thispapercanbedirectlyimplementedntop of SQL99-compliant
relationaldatabaseddence anLP-basedmplementatiorof anon-
tology languageallows a closerinteractionwith live data.
SemanticWeb Services A task-orientednotivationfor combin-
ing ruleswith ontologiesarisesrom the efforts to designandbuild
SemantidAeb Serviceg SWS) SemanticWeb Servicesattemptto
describeservicesin a knowledge-basednannerin orderto use
themfor avarietyof purposesincluding: discorery andsearchse-
lection, evaluation,negotiation,and contracting;compositionand
planning; execution; and monitoring. Both rules and ontologies
arenecessaryor suchservicedescriptionsand play complemen-
tary roles:while ontologiesareusefulfor representindpierarchical
catgorisationof servicesoverall and of their inputsand outputs,
rulesare usefulfor representingontingentfeaturessuchasbusi-
nesspolicies, or the relationshipbetweenpreconditionsand post-
conditions.

2. OVERVIEW OF THE APPROACH

This sectiongivesanoverviev of our approactandsketcheghe
outline of the remainderof the paper Our approachis driven by
the insight that understandinghe expressie intersectionof two
the KRs will be crucialto understandinghe expressie combina-
tion/unionof thetwo KRs. Hence we startwith the goal of under
standingtherelationshipbetweerbothlogic basedKR formalisms
(soasto beableto combineknowledgetakenfrom both): Descrip-
tion Logics (decidablefragmentsof FOL closelyrelatedto propo-
sitionalmodalanddynamiclogics[17]), andLogic Programgsee,
e.g.,[2] for review) which in turn is closely relatedto the Horn
fragmentof FOL. Since DescriptionLogics resemblea subsetof
FOL withoutfunctionsymbols we similarly focusonthefragment
of Horn FOL, def-Horn, thatcontainsno function symbols.Both
DL andLP arethenrelatedto def-Horn.

Theestablisheadorrespondencis usedto de ne anew interme-
diateKR calledDescriptionHorn Logic (DHL), whichis contained
within the intersection,andthe closely relatedDescription Logic
Programs(DLP), which canbe viewed asDHL with a moderate
wealeningasto thekindsof conclusioncanbedravn.

Figure 1: Expressve overlap of DL with LP.

FigurelillustratestherelationshipbetweerthevariousKkRs and
their expressie classes.DL andHorn are strict (decidable)sub-
setsof FOL. LP, on the otherhand,intersectswith FOL but nei-
therincludesnor is fully includedby FOL. For exampleFOL can

express(positive) disjunctions,which areinexpressiblein LP. On
the other hand, several expressie featuresof LP, which are fre-
quentlyusedin practicalrule-basedpplicationsareinexpressible
in FOL (andconsequentlalsooutsideof def-Horn). One exam-
pleis negation-as-&ilure,abasickind of logical non-monotonicity
Anotherexampleis procedurahttachments.g.,theassociatiorof
action-performingproceduralnvocationswith thedraving of con-
clusionsaboutparticularpredicates.

Description Logic Programs,our nenly de ned intermediate
KR, is containedwithin theintersectionof DL andLP. “Full” LP,
including non-monotonicityand proceduralattachmentsganthus
be viewed as including an “ontology sub-language’namelythe
DLP subsebf DL.

Ratherthanworking from the intersectionaswe do in this pa-
per, one may insteaddirectly addresghe expressie union of DL
andLP by studyingthe expressie unionof DL andLP within the
overall frameavork of FOL. Thisis certainlyaninterestingthing to
do. However, to our knowledge,this hasnot yet beenwell charac-
terisedtheoretically e.g.,it is unclearhow, if atall, sucha union
differsfrom full FOL.

Full FOL hassomesigni cant practicaland expressve draw-
backsas a KR in which to combineDL and rules. First, full
FOL has severe computationalcompleity: it is undecidablen
the generalcase,and intractableeven underthe Datalog restric-
tion (seeSection3.2). Second,t is not understoodeven at a ba-
sic researcHevel how to expressiely extendfull FOL to provide
non-monotonicityand proceduralattachmentsyet theseare cru-
cial expressie featuresn mary (perhapsnost)practicalusage®of
rules. Third, full FOL andits inferencingtechniqueshave severe
practicabldimitationssinceit is unfamiliar to the greatmajority of
mainstreansoftwareengineersywhereagules(e.g.,in theform of
SQL-typequeriesor Prolog)arefamiliar conceptuallyto mary of
them.

Via the DLP KR, we give a new techniqueto combineDL and
LP. We shov how to perform DLP-fusion the bidirectionalmap-
pingof premisesndinferencegincludingtypicalkindsof queries)
from the DLP fragmentof DL to LP, andfrom the DLP fragment
of LP to DL. DLP-fusionallows usto fusethe two logical KRs so
that information from eachcan be usedin the other The DLP-
fusion techniquepromisesseveral bene ts. In particular DLP-
fusionenablesoneto “build ruleson top of ontologies”:it enables
the rule KR to have accesdo DL ontologicalde nitions for vo-
calulary primitives(e.g.,predicatesandindividual constantsysed
by therules. Conversely the techniqueenablesoneto “build on-
tologieson top of rules”: it enablesontologicalde nitions to be
supplementedby rules, or importedinto DL from rules. It also
enablesfcient LP inferencingalgorithms/implementationg.g.,
rule or relationaldatabasengines,to be exploited for reasoning
over large-scaleDL ontologies.

3. PRELIMIN ARIES

In this sectionwe will introduceHorn Logic, DescriptionLogic
(DL) andthe DL basedontologylanguageDAML+OIL. In partic-
ular, we will describetheir syntaxandformalisetheir meaningin
termsof classicalFirst OrderLogic (FOL).

3.1 DAML+OIL and Description Logic

DAML+OIL is an ontology languagedesignedfor useon the
(semanticweh Although DAML+OIL is syntactically“layered”
on top of RDFS, semanticallyit is layeredon a subsetof RDFS.
This subsetdoesnot include RDFS's recursve metamodel(i.e.,
the unrestricteduseof the type relation), but insteadtreatsRDFS



Constructor DL Syntax |Example
intersectionOf Ciu:::u C, |Humanu Male
unionOf Cit :::t C,|Doctort Lawyer
complementOf :C : Male

oneOf fi1:::ing |fjohn maryg
hasClass 9P:C 9hasChildLawyer
toClass 8P:C 8hasChildDoctor
hasValue 9P:fig 9citizenOff USAg
minCardinalityQ >nP:C > 2hasChildLawyer
maxCardinalityQ 6 nP:.C 6 1hasChildMale
cardinalityQ =nP:C = 1hasRirentFemale

Figure 3: DAML+OIL classconstructors

asaverysimpleDL supportingonly atomicclassnamesLik e other
DLs, this“DAML+OIL subset’of RDFScorresponds afragment
of classicalFOL, makingit much easierto develop mappingsto
rulelanguagesswell asto DLs. Fromnow on,whenwetalk about
RDFS,we will bereferringto the DAML+OIL subsebf RDFS.

DAML+OIL is equialentto avery expressve DL—in factit is
equialentto the SHOI Q(D) DL [13, 11]. In additionto “ab-
stract” classesaandindividuals, DAML+OIL alsosupportsthe use
of “concrete”datatypesinddatavalues(the(D) in SHOI Q(D)).
In this paper however, we will restrictour attentionto the abstract
partof thelanguagewhich correspondso theSHOI Q DL.

Figure 2 (on page) shovs how DAML+OIL statementgorre-
spondto SHOI Q axioms,whereC (possibly subscripted)s a
class,P (possiblysubscripted)s a property P is the inverseof
P,P* isthetransitive closureof P, i (possiblysubscripted)s an
individual and> is anabbreiationfor At : A for someclassA
(i.e.,themostgeneraklasscalled“Thing” in DAML+OIL).

It canbeseenthatall DAML+OIL statementsanbereducedo
class/propertynclusion axiomsand groundfacts (assertectlass-
instanceandinstance-property-instancelationshipsf. In thecase
of transitiveProperty , however, the axiomP* v P is
taken to be equivalentto assertinghat P is a transitve property
(like DAML+OIL, SHOI Q doesnotincludethetransitive closure
operator).

Asin ary DL, DAML+OIL classesanbe nameqURIS) or ex-
pressionsanda variety of constructos are provided for building
classexpressions Figure3 summariseshe available constructors
andtheir correspondenceith SHOI Q classexpressions.

The meaningof SHOI Q is usually given by a modeltheory
[13]. However, SHOI Q canalsobe seenin termsof a corre-
spondencéo FOL, whereclassesorrespondo unary predicates,
propertiescorrespondo binary predicatesand subclass/property
axiomscorrespondo implication[7, 4].

To bemoreprecisejndividualsareequivalentto FOL constants,
classesandclassexpressionsareequialentto FOL formulaewith
one free variable,and properties(and property expressionsvhen
supportedy theDL) areequivalentto FOL formulaewith two free
variables. Classand propertyinclusion axiomsare equialentto
FOL sentencesonsistingof animplicationbetweertwo formulae
with thefreevariablesuniversallyquanti ed attheouterlevel. E.g.,
aDL axiomof theform C v D is equialentto a FOL sentence
of theform 8x:C(x) ! D(x). DL axiomsof theforma : C and
ha;bi : P correspondo groundatomsC(a) andP (a; b). Finally,
DL axiomsassertinghetransitvity of a propertyP, thefunction-
ality of apropertyP andthatpropertyQ is theinverseof property

quuivaIe_nceaxiomscan be reducedto a symmetricalpair of in-
clusionaxioms.

DL FOL

a:C C(a)

ha;bi : P P(a;b)

Cv D 8x:C(x)! D(x)

P*v P 8x;y;zi(P(x;y)» P(y;2)) ! P(X 2)

>v 6 1P 8x;y;zZ(P(X; )" P(x;2))! y=12z

P Q 8 y:P(xy) () Qy;:x)

Ciu:iiuCy |Ci(X)N i Cr(X)

Cit :::uCy |Ci(X)_ i _Ch(Xx)

. C 1 C(x)

fai;::i;ang [X= a1 _ i1 _X= ag

9pP:C 9y:(P(x;y) " C(y))

8P:C 8y:(P(x; )y C(¥))

>nP:C Oy1iiiiynt \seien (POGYI) ™ C(yi))
n 16 i<njisi  6n Yi 6y

6(n DPC|8y1iiiyni( agjen (PXYI) ™ CYi))
Eo( 16i<nisi 6nYi = Yi)

Figure4: DL FOL equivalence

P areequialentto FOL sentencesf theform 8x; y; z:(P (x; y) *
P(y;z)) ' P(x;2),8%y;z(P(X;y) " P(x;2)) ! y=zand
8x; y:P(x;y) () Q(y;x) respectrely.

Figure4 summarisetheabore equivalenceandshavs the FOL
formulaecorrespondingo the DL classexpressiongdescribedn
Figure3, wherea; b areconstantsandx is thefreevariable. These
formulaecanbecomposedn theolbviousway, e.9.,.9R:(CuD)
9y:(P(x;y) ™ (C(y) " D(¥)).

As a notationalcorventionwe will, throughouthe paper usea
andbfor constantandw, x, y andz for variables.

3.2 Logic Programsand Horn FOL

Declaratve logic programgqLP) is the KR whosesemanticsin-
derliesin a large part the four families of rule systemsthat are
currentlymostcommerciallimportant—SQLrelationaldatabases,
OPS5-heritageproduction rules, Prolog, and Event-Condition-
Action rules—aswell asthe proposaldor rulesin context of the
SemantidVeh

As mentionedbefore,the commonlyusedexpressienessf full
LP includesfeaturesnotablynegation-as-éilure/prioritiesandpro-
ceduralattachmentsthatarenot expressiblein FOL, muchlessin
DL. We thusconcentrat®n only anexpressie portionof LP.

An ordinary (a.k.a.“normal”®) LP is a setof rules eachhaving
theform:

H Bi1*:::"Bm”» Bma i Bn
whereH , B; areatoms(atomicformulae),andn  m 0. Note
thatnorestrictionis placedon thearity of the predicatesppearing
in theseatoms. Logical variables,andlogical functions(with arny
arity), may appeawunrestrictedlyin theseatoms.

H is calledthehead(a.k.a.consequentof therule;

Bi1":i:"Bm® Bm+ MM Bn
is calledthebody(a.k.a.antecedentof therule. istoberead
as“if ", sothattheoverallrule shouldbereadas“[head]if [body]”",
i.e.,"“if [body]then[head]". If n = O, thenthebodyis emptyi.e.,
True, andnotationallythe " is often omitted. A factis a
rule whosebody is empty and whoseheadis a groundatom.
standsfor negation-as-éilure, a logically non-monotonidorm of
negationwhosesemanticsliffers,in generalsigni cantly from the

3[2] call this “general”; hawever, thereare actually a numberof
frequentlyusedextensions!



Axiom DL Syntax |Example

subClassOf Civ C Humanv Animalu Biped
sameClassAs Ci G Man Humanu Male
subPropertyOf Pi1v P hasDaughtey hasChild
samePropertyAs P1 P> cost price

disjointWith Civ :Cz; |Malev : Female
samelndividualAs fiig fi,g |fPresidenBushy fG_W_Bushy
differentindividualFrom fiigv :f i2g |fjohngv :f peteg
inverseOf P P, hasChild hasRrent
transitiveProperty P*v P ancestor v ancestor
uniqueProperty >v 6 1P:> |> v 6 1hasMother>
unambiguousProperty >v 6 1P > |>v 6 lisMotherOf >
range > v 8P:C |> v 8hasRrentHuman
domain >v 8P :C |> v 8hasRrent :Human
itype C i:C john: Man

i1Pis hi1;i2i : P |hohn; peter : hasRrent

Figure 2: DAML+OIL statementsand SHOI Q axioms

semanticof classicanegation(: ). Intuitively, B; means'B; is

The semanticof an ordinary LP is de ned to be a conclusion

not believed” (i.e., is unknown or false),whereas means'B; is
false”. Intuitively, eachrule canbe viewed asuniversally quanti-
ed attheouterlevel. More precisely eachrule canbe viewed as
standingfor the setof all its groundinstantiations.

A de nite LP isanordinaryLP in which negation-as-&iluredoes
notappeayi.e.,asetof ruleseachhaving theform:

H Bi1™:::"Bnm
whereH , Bj areatoms,andm 0.

De nite LP is closelyrelatedsyntacticallyand semanticallyto
the Horn fragmentof FOL, a.k.a.Horn-clausdogic. A clausein
FOL hastheform:

Ly _ i Lk
whereeachL ; is a(classical)iteral. A literal L haseithertheform
(1) A or (2): A, whereA is anatom. Theliteral is saidto be pos-
itive in case(1), or to be negativein case(2). A clauseis saidto
beHorn whenat mostoneof its literalsis positive. A Horn clause
is saidto be de nite whenexactly oneof its literalsis positive. A
de nite Horn clauseis alsoknown asaHorn rule. A de nite Horn
clausea.k.a.Horn rule, canthusbewrittenin theform:

H Bi"N:::"Bn
whereH, B; are atoms,and m 0. We say that this Horn
rule correspondsto the de nite LP rule that hasthe samesyn-
tactic form, andvice versa. Likewise, we saythata Horn ruleset
RH andade nite LP rulesetRP correspondo eachotherwhen
their rulesdo (isomorphically). We thenalsosaythat RP is the
LP-correspondenbf RH , and corverselythat RH is the Horn-
correspondendf RP .

As mentionedabove, it is implicit in this notationthatall logical
variablesareuniversallyquanti ed atthe outerlevel, i.e., over the
scopeof thewholeclause E.g.,therule

man (X) human (x) » male(x)
canbewritten equivalentlyas:

8x: man(x) human (x) » male(x).
Notethesimilarity with the FOL equivalentof aDL inclusion(sub-
ClassOfjaxiomgivenin Figure4.

An LP rule or Horn clauseis saidto be equality-feewhenthe
equality predicatedoesnot appeaiin it. Likewise, eachis saidto
be Datalog whenno logical functions(of arity greaterthan zero)
appeain it.*

4The Datalogrestrictionis usuallytakento mean,additionally no
negationandonly “safe” rules(all variablesin the headalsooccur

set whereeachconclusionis a groundatom,i.e., fact, entailedby
the LP. Formally, the semanticof a de nite LP R is de ned as
follows. Let HBstandfor the Herbrandbaseof R . The conclusion
setCis thesmallest(w.r.t. setinclusion)subsetS of HBsuchthat

for ary rule
H Bi1™:::"Bn,
ifBy":::"Bm 2 SthenH 2 S.

Therelationshipof LP semanticdo FOL semanticss relatively
simpleto describefor the caseof de nite equality-freeDatalogLP,
whichwe call def-LP. Thesyntacticallycorrespondingragmentof
FOL is de nite equality-freeDatalogHorn FOL, whichwe call def-
Horn. Let RP beadef-LP.Let RH standfor the corresponding
def-Hornruleset. The conclusionsetof RP then coincideswith
theminimal (w.r.t. setinclusion)Herbrandmodelof RH .

Hence,the def-LP and the def-Horn rulesetentail exactly the
samesetof facts.Every conclusionof thedef-LPis alsoa conclu-
sion of the def-Hornruleset. Relative to the def-Hornruleset,the
def-LP is thussound;morecwer, it is completefor fact-formcon-
clusions,i.e., for querieswhoseanswersamountto conjunctions
of facts. However, the def-LP is a mildly wealer versionof the
def-Hornruleset,in the following sense.Every conclusionof the
def-LP musthave the form of afact. By contrastthe entailments,
i.e., conclusions,of the def-Horn rulesetare not restrictedto be
facts.E.g.,supposdRH consistf thetwo rules

kiteDay (Tues) sunny(Tues) » windy (Tues)
and

sunny(Tues).
Thenit entails

kiteDay (Tues) windy (Tues)

(a non-unit derived clause)whereasRP doesnot. In practical
applications however, quite often only the fact-formconclusions
aredesired,e.g.,an applicationmight be interestedabore only in
whetheror not kiteDay (Tues) is entailed. The def-LP hasthe
virtue of conceptualand computationalsimplicity. Thinking in
termsof expressie classeswe will view def-LP asan expressive
subsebf def-Horn—wewill call it theexpressie f-subset def-LP
is amild wealeningof def-Hornalongthedimensiorof entailment
power, permittingonly fact-formconclusions—waevill call this f-
wealening

In returnfor this f-weakening,def-LP hassomequite attractve

in thebody).



computationatharacteristicgaswell asbeingexpressiely exten-
sible in directionsthat FOL is not, asdiscussectarlier). For the
propositionataseof def-LP,exhaustve inferencingis O(n) where
n = jRP j —i.e.,worst-casdineartime [8]. For thegeneralcase
with logicalvariablestheentireconclusiorsetof adef-LPRP can
becomputedn time O(n¥*? ), whenthereis aconstanboundv on
the numberof logical variablesperrule (this restriction,which we
will call VB, is typically metin practise).Inferencingin def-LPis
thustractable(worst-casepolynomialtime) given VB. In contrast,
DLs aregenerallynot tractable(typically ExpTime or even NExp-
Time compleity for key inferenceproblems)andfull FOL is not
decidable.

4. MAPPING DL TO def-Horn

In this section we will discusshow DL languages(e.g.,
DAML+OIL) canbemappedo def-Horn,andvice versa.

4.1 Expressve Restrictions

We will rst discussthe expressie restrictionsof DL anddef-
Horn asthesewill constrainthe subsetof DL and def-Horn for
which acompletemappingcanbe de ned.

DLs aredecidablesubsetof FOL wherethe decidabilityis due
in large part to their having (a form of) the tree model property
[19].5 This propertysaysthata DL classC hasa model(anin-
terpretationl in whichC' is non-empty)iff C hasa tree-shaped
model,i.e., onein which theinterpretationof propertiesde nesa
treeshapedirectedgraph.

This requiremenseverely restrictsthe way variablesand quan-
ti ers canbeused.In particular quanti ers mustberelativisedvia
atomicformulae(asin the guardedragmentof FOL [9)), i.e., the
guanti ed variablemustoccurin a propertypredicatealongwith
thefreevariable(recallthatDL classegsorrespondo formulaewith
onefreevariable).For exampletheDL class9P:C correspondso
the FOL formula9y:(P (x; y) » C(y)), wherethe propertypredi-
cateP actsasaguard.Oneobviousconsequencef thisrestriction
is thatit is impossibleto describeclassesvhoseinstancesarere-
latedto anotheranorymousindividual via differentpropertypaths.
For example,it is impossibleto asserthatindividualswholive and
work atthesamelocationare“HomeWbrkers”. This is easywith a
Hornrule,e.g.:

HomeWorker(X) work(X; y)  live(X; z) * loc(y; w) ” loc(z; w)
Another restrictionin DLs is that only unary and binary predi-
catescanusuallybe captured. This is a lessonerousrestriction,
however, astechniquedor reifying higherarity predicatearewell

known [12].

De nite Horn FOL requiresthat all variablesare universally
guanti ed (at the outerlevel of therule), andrestrictslogical con-
nectivesin certainways. Oneohvious consequencef the restric-
tion on quanti ers is that it is impossibleto assertthe existence
of individualswhoseidentity might not be known. For example,
it is impossibleto assertthat all personshave a father(known or
unknawn). Thisis easywith aDL axiom,e.qg.:

Persorv 9father>:

SExpressie featuressuchastransitive propertiesand the oneOf
constructorcompromisethe tree model propertyto someextent,
e.g.,transitve propertiescancause‘short-cuts”down brancheof
thetree.

5Thisis notan inherentrestriction,andn-aryDLs areknown, e.g.,
DLR [5].

No negation may appeamwithin the body of a rule, nor within the
head.No existentialsmayappeamwithin thehead.Thusit isimpos-
sibleto asserte.g.,thatall personsareeithermenor women(but
notboth). Thiswould alsobe easyusingDL axioms,e.qg.:

Mant Woman
: Woman

Person v
Man v

The Datalogrestrictionof def-Hornis not an issuefor mapping
DL into it, sinceDL alsohasthe Datalogrestriction. Finally, the
equality-freerestrictionof def-Hornis a signi cant restrictionin
that it preventsrepresentingpartial-)functionalityof a property
andalsopreventsrepresentingnaximumcardinality The prohibi-
tion againstexistentialsin theheadpreventsrepresentingninimum
cardinality

4.2 Mapping Statements

In this section,we shav how (someof) the statementgaxioms)
of DL andDL basedanguagegsuchas DAML+OIL and OWL)
correspondo def-Hornstatementgrules).

4.2.1 RDFSStatements

RDFSprovidesa subsebf the DL statementslescribedn Sec-
tion 3.1: subclass,subproperty range, and domain statements
(whichin aDL settingareoftencalledTbox axioms);andasserted
class-instancétype) and instance-property-instanaelationships
(whichin aDL settingareoftencalledAbox axioms).

As we saw in Section3.1,aDL inclusionaxiomcorrespond$o
anFOL implication. This leadsto a straightforvard mappingfrom
classandpropertyinclusionaxiomsto def-Hornrulesasfollows:

Cv D, i.e.,classC is subclas®f classD, mapsto:

D(x) C(x)
Qv P,i.e.,Q isasubpropertyf P, mapsto:
P(xy) Q(x;y)

As showvn in Figure2, RDFSrangeanddomainstatementgor-
respondio DL axiomsof theform > v 8P:C (rangeof P is C)
and> v 8P :C (domainof P is C). From Figure4, we can
seethat theseare equivalentto the FOL sentences8x: true !
8y:P(x;y) ! C(y)) and8x:true ! (8y:P(y;x) !
C(y)), which canbe simplied to 8x;y: P(x;y) ! C(y) and
8x;y: P(y;x) ! C(y) respectiely. TheseFOL sentenceareal-
readyin def-Hornform, which givesusthefollowing mappinggor
rangeanddomain:

> v 8P:C,i.e.,therangeof propertyP is classC, mapsto:
C(y) P(x;y)

> v 8P :C,i.e.,thedomainof propertyP isclassC, maps
to:
C(y) P(y:x)

Finally, assertedclass-instancetype) and instance-property-
instanceelationshipsyhich correspondo DL axiomsof theform
a: C andha;b : P respectiely (Abox axioms),are equivalent
to FOL sentencesf the form C(a) andP (a; b), wherea andb
areconstantsThesearealreadyin def-Hornform: they aresimply
ruleswith emptybodies(which arenormally omitted):

a : C, i.e., theindividual a is an instanceof the classC,
mapsto:

C(a)
ha;bi : P, i.e.,theindividual a is relatedto the individual b
via the propertyP, mapsto:

P(a;b

Notethatin theserulesa andb areground(constants).



4.2.2 DAML+OIL statements

DAML+OIL extends RDF with additional statementsabout
classesand properties(Tbox axioms). In particular it addsex-
plicit statementsboutclass,propertyandindividual equalityand
inequality aswell asstatementassertingoropertyinversestransi-
tivity, functionality (unique)andinversefunctionality (unambigu-
ous).

As discussedn Section3.1, classandpropertyequivalenceax-
iomscanbereplacedwith a symmetricalpair of inclusionaxioms,
sothey canbe mappedo a symmetricalpair of def-Hornrulesas
follows:

C D, i.e,theclassC is equivalentto (hasthe sameex-
tensionas)theclassD , mapsto:

D (x) C(x)

C(x) D (x)

P  Q,i.e. thepropertyP is equivalentto (hasthe same
extensionas)the propertyQ, mapsto:

Q(x;y) P(x;y)

P(x;y) Q(x;y)

As we saw in Section3.1, the semanticof inverseaxiomsof
the form P Q arecapturedby FOL sentence®f the form
8x;y:P(x;y) () Q(x;y), andthe semanticof transitvity
axiomsof theformP* v P arecapturedby FOL sentencesf the
form8x;y;z.P(x;y)* P(y;2) ! P(x; z). Thisleadsto adirect
mappinginto def-Hornasfollows:

P Q ,i.e.thepropertyQ is theinverseof the property

P, mapsto:
Q(y: x) P(x;y)
P(x;y) Q(y; x)

P* v P,i.e. thepropertyP is transitve, mapsto:
P(x; 2) P y)" P(y;2)

Aswesaw in Section3.1,DL axiomsassertinghe functionality
of propertiescorrespondo FOL sentencesvith equality E.g.,a
DL axiom> v 6 1P (P is afunctionalproperty)correspondso
the FOL sentencedx; y;z:P(x;y) » P(x;z) ! y = z.” This
kind of axiom cannotbe dealtwith in our currentframenork (see
Sectiord.1) asit would requiredef-Hornruleswith equalityin the
head,.e.,rulesof theform (y = z) P(x;y) ™ P(x; 2).

4.3 Mapping ClassConstructors

In the previous sectionwe shaved how DL axiomscorrespond
with def-Hornrules,andhow thesecanbeusedto make statements
aboutclassesndpropertiesn DLs, theclassesppearingn such
axiomsneednot be atomic,but canbe complex compoundexpres-
sionsbuilt up from atomicclassesandpropertiesusinga variety of
constructors.A greatdeal of the power of DLs derivesfrom this
feature,andin particularfrom the setof constructorgprovided?®
In the following sectionwe will shav how theseDL expressions
correspondo expressionsn thebody of def-Hornrules.

In the following we will, asusual,useC; D to denoteclasses,
P; Q to denotepropertiesandn to denoteaninteger.

Conjunction(DL u)

A DL classcan be formed by conjoining existing classese.g.,
C u D. FromFigure4 it canbe seenthatthis correspondgo a

"Notethat,technically thisis partial-functionalityasfor ary given
x thereis norequirementhatthereexist ay suchthatP (x; y).
8Notethatthis featureis not supportedn the RDFSsubsebf DLs.

conjunctionof unary predicates.Conjunctioncanbe directly ex-

pressedn the body of a def-Hornrule. E.g., whena conjunction
occursonthel.h.s.of asubclassxiom,it simplybecomegonjunc-
tion in the body of the correspondingule

CiuCyv D D (x) Ci(x) ™ Ca(x)

Similarly, whena conjunctionoccurson ther.h.s.of a subclass
axiom, it becomesconjunctionin the headof the corresponding
rule:

Cv DiuDs D1(x)* D2(x) C(x);

This is then easily transformedvia the Lloyd-Topor transforma-
tions[14]) into a pair of def-Hornrules:

D1(x) C(x)
D2 (x) C(x)

Disjunction(DL t )

A DL classcanbe formedfrom a disjunctionof existing classes,
e.g.,Ct D. FromFigure4 it canbeseerthatthis correspondso a

disjunctionof unarypredicates Whena disjunctionoccurson the

I.h.s.of asubclassaxiomit simply becomedglisjunctionin thebody

of thecorrespondingule:

Cit Cov D D (x) C1(x) _ Ca(X)

This is easily transformed(again by Lloyd-Topor) into a pair of
def-Hornrules:

D (x) Ca(x)
D (x) Ca(x)

When a disjunctionoccurson the r.h.s. of a subclassaxiom it
becomes disjunctionin the headof the correspondingule, and
this cannotbe handledwithin the def-Hornframework.

Universal Restriction(DL 8)

In aDL, theuniversalquanti er canonly be usedin restrictions—

expression®f theform 8P:C (seeSectiond.1). Thisis equivalent
to anFOL clauseof theform 8y:P (x;y) | C(y) (seeFigure4).

P mustbe a single primitive property but C may be a compound
expression. Therefore whena universalrestrictionoccurson the
r.h.s.of asubclasaxiomit becomesnimplicationin the headof

the correspondingule:

Cv 8P:D (D(y) P(x;y)) C(x);

whichis easilytransformednto the standarddef-Hornrule:

D(y) Cx) " P(xy):

When a universalrestrictionoccurson the |.h.s. of a subclass
axiomit becomesanimplicationin the body of the corresponding
rule. This cannot,in generalpe mappednto def-Hornasit would
requirenegationin arule body.

ExistentialRestriction(DL 9)

In aDL, theexistentialquanti er (like theuniversalguanti er) can
only be usedin restrictionsof the form 9P:C. This is equivalent
to an FOL clauseof the form 9y:P (x; y) » C(y) (seeFigure4).
P mustbe a single primitive property but C may be a compound
expression.

Whenan existentialrestrictionoccurson thel.h.s. of a subclass
axiom, it becomes conjunctionin thebodyof astandaraief-Horn
rule:

9P:Cv D D(x) P(x;y) ™ C(y):



Whenan existentialrestrictionoccurson ther.h.s.of a subclass
axiom, it becomesa conjunctionin the headof the corresponding
rule, with avariablethatis existentially quanti ed. This cannotbe
handledwithin the def-Hornframework.

NegationandCardinality RestrictiongDL : , > andé)

Theseconstructorsannot,in general,be mappedinto def-Horn.
Thecaseof nggationis obviousasnegationis notallowedin either
the heador body of a def-Hornrule. As canbe seenin Figure4,
cardinalityrestrictionscorrespondo assertionsf variableequality
andinequalityin FOL, andthis is again outsideof the def-Horn
framework.

In somecaseshowever, it would be possibleto simplify the DL
expressionusing the usualrewriting tautologiesof FOL in order
to eliminatethe offendingoperator(s).For example,negation can
alwaysbe pushednward by usinga combinationof De Morgan's
laws andequialencessuchas:9 P:C  8P:: C and: > nP
6 (n 1)P [1]. Furthersimpli cations are also possible,e.qg.,
usingtheequivalence<Ct : C >,and8P:> >. Forthesale
of simplicity, however, we will assumehatDL expressionsrein a
canonicaform whereall relevantsimpli cations have beencarried
out.

4.4 Dening DHL via a Recursive Mapping
from DL to def-Horn

As we sav in Section4.3, someDL constructorgconjunction
anduniversalrestriction)canbemappedo theheadf ruleswhen-
ever they occuron the r.h.s. of an inclusion axiom, while some
DL constructorgconjunction,disjunctionand existential restric-
tion) canbe mappedo the bodiesof ruleswheneer they occuron
thel.h.s.of aninclusionaxiom. This naturallyleadsto the de ni-
tion of two DL languagesglassegrom which canbe mappednto
theheador body of LP rules;we will referto thesetwo languages
asLn andLy respectiely.

The syntaxof the two languagess de ned asfollows. In both
languagesinatomicnameA is aclassandif C andD areclasses,
thenCu D isalsoaclass.InLy, if C isaclassandR is aproperty
then8R:C isalsoaclasswhilein Ly, if D; C areclasseandR is
apropertythenCt D and9R:C arealsoclasses.

Using the mappingsfrom Section4.3, we cannow follow the
approachof [4] andde ne arecursve mappingfunction T which
takesa DL axiom of theform C v D, whereC is an Ly-class
andD is an Lp-class,and mapsit into an LP rule of the form

into theLP rule
B(x)" (D(z) P(x2) A(X) M R(xy) » C(x)
whichis rewritten asthe pair of rules

B(x) A(x) * R(x;y) * C(x)
D(2) A(x) M R(xy) N C(x) N P(x; 2):

WecallL theintersectiorof L, andLy, i.e.,thelanguagevhere
anatomicnameA is aclassandif C andD areclassesthenCu D
is alsoa class.WethenextendT to dealwith axiomsof the form
C D, whereC andD arebothL -classes:

T(Cv D)

T@ec by ! T(D v C)

As we sawv in Section4.2.1, rangeand domainaxioms> v
8P:D and> v 8P :D aremappedinto def-Hornrules of the
form D (y) P(x;y) and D(x) P (x;y) respectiely.
Moreover, class-instanceand instance-property-instancaxioms
a: D andha;b : P aremappedinto def-Hornfacts(i.e., rules
with emptybodies)of theform D (a) andP (a; b) respectiely. We
thereforeextendT to dealwith theseaxiomsin the casethatD is
anLp-class:

T(> v 8P:D) I Th(D;y) P(x;y)
T(>v 8 :D) ! Th(D;x) P(x;y)
T(a:D) I Th(D;a)

T(ha;b : P) ! P(a;b)

wherex; y arevariablesanda; b areconstants.
Finally, we extendT to dealwith thepropertyaxiomsdiscussed
in Sectior4.2:

Th((CuD);x)
Th((Ct D);x)

Th(C;x) » Th(D;x)
Tbh(C;x) _ Tb(D;x)

A B . Themappingis de ned asfollows:

T(Cv D) I Th(D;y) Tb(C;y)
Th(A; x) I AX)
Th(CuD);x) ! Th(C;x)” Th(D;x)
Th((8R:C);x) ! Th(C:y) R(X;Y)
Th(A; x) I AX)

|

I

I

Tb((9R:C);x)

R(x;y) * Tb(C;y)

whereA is an atomic classname,C andD areclassesR is a
propertyandx; y are variables,with y beinga “fresh” variable,
i.e.,onethathasnot previously beenused.

As we sav in Section4.3, rulesof theform (H ~ H9 B
arerewritten astwo rulesH B andH° B; rulesof the
form (H HO B arerewritten asH (BAHY;
andrulesof theform H (B _ B9 arerewritten astwo rules
H B andH BC.

For example, T would mapthe DL axiom

Au9R:Cv B u8P:D

T(Pv Q) ! Q(g(y) ) P(x;(y) )
X,y P(x;y
e P(x;y) Q(x;y) 1)
Q(x;y) P (y;x)
TPQ) ! P(y;x) Q(x;y)
TPP*vP) ! P2 P y) " P(y;2)

De nition 1 (Description Horn Logic) A Description Horn
Logic (DHL) ontolagy is a setof DHL axiomsof theformC v D,
A B,>v 8D,>v 8 D,PVv QP QP Q,
P* v P,a:D andha;bi : P, wheeC isanLp-class,D is an
Ln-class,A; B are L-classes,P; Q are propertiesand a; b are
individuals.

Using the relationshipsof (full) DL to FOL discussedn Sec-
tion 3.1, especiallyFigure4, it is straightforvard to shav the fol-
lowing.

Theorem 1 (Translation Semantics) The mapping T preserves
semanticequivalence Let K be a DHL ontolagy and H be the
def-Hornrulesetthat resultsfrom applying the mappingT to all
the axiomsin K. ThenH is logically equivalentto K w.r.t. the
semanticof FOL — H hasthe sameset of modelsand entailed
conclusionsasK.

DHL can,therefore beviewed alternatvely andpreciselyasan
expressive fragmentof def-Horn—i.e., astherange of T (DHL).

4.5 Expressve Power of DHL
Althoughtheasymmetryof DHL (w.r.t. classe®ndifferentsides
of axioms)makesit ratherunusuaby DL standardst is easyto see
thatit includes(the DAML+OIL subsebf) RDFS,aswell asthat
partof DAML+OIL whichcorrespondo asimpleframelanguage.



As farasRDFSis concernedwe saw in Sectiord.2.1thatRDFS
statementareequialentto DL axiomsof theformC v D, > v
8P:.C,>v 8P :C,Pv Q,a: D andha;b : P, whereC;D
areclassesP; Q arepropertiesanda; b areindividuals. Giventhat
all RDFS classesare L -classeqthey are atomic classnames),a
setof DL axiomscorrespondingo RDFSstatementsvould clearly
satisfytheabove de nition of aDHL ontology

DHL alsoincludesthe subsetof DAML+OIL correspondingo
simpleframelanguageaxioms,i.e.,axiomsde ning a primitive hi-
erarcly of classeswhereeachclassis de ned by aframe.A frame
speci esthe setof subsuminglassesanda setof slot constraints.
This correspondsery neatly to a setof DL axiomsof the form
AV Lp.

Moreover, DHL supportsthe extension of this languageto
include equivalenceof conjunctionsof atomic classes,and ax-
iomscorrespondingo DAML+OIL transitve property andinverse
propertystatements.

5. DEFINING DLP

De nition 2 (Description Logic Programs) We saythata def-LP
RP is a DescriptionLogic Program(DLP) whenit is the LP-
correspondentf someDHL rulesetRH .

A DLPisdirectlyde ned astheLP-corresponderaf adef-Horn
rulesetthatresultsfrom applyingthe mappingT . Semanticallya
DLP is thusthe f-weakening of that DHL ruleset(recall subsec-
tion 3.2). The DLP expressie classis thusthe expressie f-subset
of DHL. By Theoreml, DLP can, therefore,be viewed alterna-
tively andpreciselyasan expressve subsebf DL, not just of def-
Horn.

In summary expressvely DLP is containedin DHL which in
turnis containedn the expressve intersectiorof DL andHorn.

6. MORE ABOUT TRANSLATING

As our discussionof expressie relationshipshas madeclear
thereis a bi-directionalsemanticequivalenceof (1) the DHL frag-
mentof DL and(2) theDHL fragmentof def-Horn.Lik ewise,there
is a bi-directionalsemanticequivalenceof the DLP fragmentof
DL andthe DLP fragmentof def-Horn. Sofar, however, we have
mostly concentratedn only one direction of syntacticmapping:
from DL syntaxto def-Hornsyntax(andto the correspondinglef-
LP), ratherthanfrom def-Horn(or def-LP)to DL. Next, we eluci-
dateour reasongor thisemphasis.

First, a primeimmediategoalfor the SemantidNVebis to enable
rules (in LP / Horn) on top of ontologies(in DL) — more than
vice versato enableDL ontologieson top of LP or Horn rules.
Secondjt is desirableto exploit the relatively numerousmature,
efcient, scalablealgorithmsandimplementationgi.e., engines)
alreadyavailablefor LP inferencingso asto performsomefrag-
mentof DL inferencing— more than vice versato perform LP
via the fewer available DL engineswhich are designedo handle
more expressie languagegthan DLP) and may not be optimised
for DLP ontologies.Third, ascomparedo def-Horn,DL hasarel-
atively detailedsetof quitespeci ¢ syntacticexpressie constructs;
it waseasierto go throughtheseoneby oneto de ne atranslation
mappingthanto do soin the reversedirection whereone hasto
inventmorestructure/forms.

We do not have spacehereto give detailedalgorithmsandcom-
putationalcomplity analysesof the syntactictranslations. We
will limit oursehes to some relatively high-level obsenrations;
thesearestraightforvardto shov. TheT mapping,from DL syn-
tax to def-Horn/def-LPsyntax,correspondémmediatelyto an al-

gorithm whosecomputationacompleity is tractable. This map-
ping is invertible (e.g.,in the usualmannerof parsersfrom def-
Horn/def-LPsyntaxto DL syntax,again, tractably

7. INFERENCING

As discussedn the previous section,one of the prime goalsof
this work is to enablesomefragmentof DL inferencingto be per
formedby LP engines.In this sectionwe will discusgshekinds of
inferencetypically of interestin DL andLP, andhow they canbe
representeth eachother i.e.,in LP andDL respectiely. Although
the emphasidgs on performingDL inferencing,via our mapping
translationusinganLP reasoningngine thereversemappingcan
be usedin orderto performLP inferencingusinga DL reasoning
engine. In particular we will showv how inferencingin (the DHL
fragmentof) DL canbereducedyia ourtranslationfo inferencing
in LP; andhow vice versa,inferencingin (the DLP fragmentof)
LP canbereducedo inferencingin DL.

In a DL reasoningsystem,several differentkinds of queryare
typically supportedw.r.t. a knowledge baseK. Theseinclude
gueriesaboutclasses:

1. class-instancenembershimueries:givenaclassC,

(a) ground: determinewhethera given individual a is an
instanceof C;

(b) open: determineall the individualsin K that are in-
stance®f C;

(c) “all-classes™: given anindividual a, determineall the
(named)classesn K thata is aninstanceof;

2. classsubsumptiomueries:i.e., givenclassesC andD, de-
termineif C is asubclas®f D w.r.t.K;

3. classhierarcly queries:i.e., givenaclassC returnall/most-
speci ¢ (named)superclassesf C in K and/or all/most-
generalnamed)subclassesf C in K;

4. classsatis ability queriesij.e., givenaclassC, determineaf
C is satis able(consistentyv.r.t. K.

In addition,therearesimilar queriesaboutproperties:property-
instancemembership property subsumption property hierarcly,
andpropertysatis ability. We will call QD L thelanguagele ned
by theabove kindsof DL queries.

In LP reasoningenginesthereis onebasickind of querysup-
portedw.r.t. arulesetR : atomqueries.Thesenclude:

1. ground:determinewvhetheragroundatomaA is entailed;

2. open(groundis actually a specialcaseof this): determine,
given an atomA (in which variablesmay appear),all the
tuplesof variablebindings(substitutionsjor whichtheatom
is entailed.

We call QLP the languagede ned by the above kinds of LP
queries.

Next, we discusshow to reduceQDL queryingin (the DHL
fragmentof) DL to QLP queryingin (the DLP fragmentof) LP
usingthe mappingT . We will assumeéhatR is a rulesetderived
from aDL knowledgebaseK via T, andthatall QD L queriesare
w.r.t. K.

QLP (groundor open)atom queriescan be usedto answer
QDL (groundor open)class-instancenembershipquerieswhen
the classis an L -class,i.e., a is aninstanceof C iff R entails



T(a : C). WhenC is anatomicclassname,the mappingleads
directly to a QLP atomquery WhenC is a conjunction,there-
sultis a conjunctionof QLP atomqueries,i.e., a is aninstance
of CuD iff R entailsT(a : C) andR entailsT(a : D).
WhenC is auniversalrestriction,themappingT (a : 8P:C) gives
T(C;y) P (a;y). ThiscanbetransformedntoaQLP atom
queryusinga simplekind of skolemisationj.e.,y is replacedwith
aconstanb, wherebis new in R, andwe have a is aninstanceof
8P:Ciff R [ fP(a;b)gentailsT (b: C).

The caseof property-instancenembershipgueriesis trivial as
all propertiesareatomic: ha; bi is aninstanceof P iff R entails
P(a;b).

Completeinformationaboutclass-instanceelationshipsto an-
sweropenor “all-classes”class-instancegueries,canthen be ob-
tainedvia class-instancqueriesaboutall possiblecombination®f
individualsandclassesn K.° (Notethatthesetof namedndividu-
alsandclassess known, andits sizeis worst-caséinearin thesize
of theknowledge/rulebase.)

For L -classesQD L classsubsumptiomueriescanbereduced
to QLP usinga similar techniqueto class-instancenembership
queriesj.e.,C isasubclas®fD iff R [ fT (a: C)gentailsT (a:
D), foranewvin R. ForQDL propertysubsumptiorqueriespP is
asubpropertyof Q iff R [ P(a; b) entailsQ(a;b), for a;bnew in
R.

Completeinformationaboutthe classhierarcly canbe obtained
by computingthepartialorderingof classesn K basednthesub-
sumptionrelationship.

In theDHL (andDLP) fragmentdeterminingclass/propertgat-
is ability is a non-issueas,with the expressve power at our dis-
posalin def-Horn, it is impossibleto make a classor a property
unsatis able.

Now let us considerthe reversedirectionfrom QLP to QDL.
In the DLP fragmentof LP, every predicateis eitherunaryor bi-
nary. Every atomquerycanthusbheviewedasabouteitheranamed
classor a property Also, generallyin LP, ary openatomqueryis
formally reducibleto a setof groundatomqueries—ondor each
of its instantiations.ThusQLP is reducibleto class-instancand
property-instancenembershigjueriesn DL.

To recapwe have shavn thefollowing.

Theorem 2 (Infer encing Inter -operability) For L -classes,
QDL queryingin (the DHL fragmentof) DL is reducibleto QLP
queryingin (the DLP fragmentof) LP, andviceversa.

8. TRANSLATION TO DATABASES

Luckily, Logic Programmingis also an elegant languagefor
data-orientedoroblems,for exampleit allows oneto obtain lan-
guagesquialentto knovn databaséanguagedy makingvarious
syntacticrestrictions. Onelanguagethat canbe obtainedby such
restrictionsis Datalog, which underliesdeductve databasesand
closely correspondgo the def-Hornsubsetof FOL introducedin
Section3.

8.1 Translation to relational databases

Datalog programscan be implementedon top of relational
databasesTo performthis implementationall explicit factsof a
predicateP arestoredin adedicatedablePe 4 . All non-recursie
rulesaretranslatedo relationalviews. Rule bodiesaretranslated
to appropriateéSQL queries(usuallyoperatingon otherviews). To
obtainall explicit andimplicit information, a view is de ned to

9More ef cient algorithmswould no doubtbe usedin practise.

represeneachpredicatep. Thequeryof theview integrategheex-
plicit information,foundin pex: With thequeriesthatrepresenthe
bodiesof thoseruleswherep isthehead.Theinterestedeademay
referto [18] for anin-depthdescriptionalgorithmandproof. Intu-
itively, this resultfollows from the following substitutions:each
Datalog-rulecan be simulatedusing the select-from-wherecon-
structof SQL; multiple rulesde ning the samepredicatecan be
simulatedusing union, and negation in rule bodiescan be simu-
latedusingnotin.

To computethe answerfor userqueriesthe translatedsziews are
used. This realisesa form of bottom up processing,since the
queriesinvolved in view de nitions are performedon the exten-
sional dataand intermediateresultsare propagtedup to a nal
query whichis theuserquery Thisresultsin mary irrelevantfacts
being computedin the intermediatesteps; more ef cient proce-
duresbasedon sidevaysinformationpassinghave, however, been
developedin thedeductve databasditerature.

The abore mentionedstratgy is, however, not possiblefor re-
cursively de ned rules.Hereadditionalprocessings required.

8.2 Handling recursion

Modernrelationaldatabaseystemswhich supportthe SQL:99
standardcanprocesssomelimited form of recursion,namelylin-
earrecursionwith a pathlengthone. Hence the predicateusedas
the rule headmay occuronly oncein the rule body Cyclesother
thansuchlinear self-referencesanalsonot beimplemented.

Usually, binaryrecursve rulessuchastransitivity canbe rewrit-
teninto alinearform. E.g.the mappingfor transitive properties
(seel) canberewritteninto

P(x;y)
P(x; 2)

Pext (X y):
Pex (X, y) " P(y:2):

The usualstrategy to computethe remainingforms of recursve
rulesin relationaldatabasess in-memoryprocessingisingsome
iterative stratey, e.g.themagictemplateprocedurg15].

Indirect Recusion. The remainingcasef non-linearrecur
sionthatcannotberewritteninto the SQL:99constructaremainly
representedly the possibility of having cyclical classandproperty
hierarchies.

We can,however, translatethis caseinto thedatabaséy exploit-
ing the obsenation that this form of recursiondecomposeito
unions, sinceno join processingof intermediateresults(suchas
involved in computingthe transitve closureof transitve proper
ties)is necessaryThis is immediatelyclearfor classessincethey
aremonadicpredicates A closerlook at all axiomswherebinary
predicategproperties)are in the headrevealsthe same. Hence,
thesecyclic referencesanbe implementedvia an algorithmthat
detectquialenceclassegeachconstitutedby a cycle)in graphs.
All incomingedgesto an equivalenceclassmustbe duplicatedto
all membersof the equivalenceclass;this may doneby using a
new intermediatepredicateto collectthe incomingedgesandde-
riving the memberof theequivalenceclassfrom this intermediate
predicate Afterwards,all rulesthatconstitutethe cyclic references
within the equivalenceclassmay safely be removed. The reader
may notethatthis canalsobe performed(with appropriateadap-
tions)onthecyclic referencesmposedby inverseproperties.

8.3 Implementation

We have usedthe abore techniquego realisea prototypicalim-
plementatiorof DescriptionHorn Logic basedon the Datalogen-
ginewritten by Boris Motik in the KAON project. Theimplemen-
tation,calledBubo (afterthe Latin nameof the biologicalgenusof



eagleowls), is freely availableathttp://kaon.semanticwedrg/owl/.
Initial testsof Bubohave beenencouraginghut muchmorework

needgo bedonein orderto determindf the bene ts promisedby

the DLP-fusionapproactaredeliveredby thisimplementation.

9. DISCUSSION

In this paperwe have shavn how to interoperate,semanti-
cally and inferentially betweenthe leading SemanticWeb ap-
proachesto rules (RuleML Logic Programs)and ontologies
(OWL/DAML+OIL DescriptionLogic). We have begunby study-
ing two newvw KRs, DescriptionLogic Programs(DLP), which is
de ned by the expressie intersectionof the two approachesand
the closelyrelatedDescriptionHorn Logic (DHL).

Wehave shavnthatDLP (or DHL) cancaptureasigni cantfrag-
mentof DAML+OIL, includingthewholeof theDAML+OIL frag-
mentof RDFS,simpleframeaxiomsandmoreexpressve property
axioms. The RDFSfragmentof DL permits: statingthat a class
D is a Subclasof a classE; statingthatthe Domainof a property
P is a classC; statingthatthe Range of a propertyP is a classC;
statingthata propertyP is a Subpoperty of a propertyQ; stating
thatanindividual b is an Instanceof a classC; andstatingthata
pair of individuals (a,b)is an Instanceof a propertyP. Additional
DLP expressiely permits(within DL): usingthe Intersectioncon-
nectie (conjunction)within classdescriptiongi.e.,in C, D, or E
above); usingthe Union connecte (disjunction)within subclass
descriptiongi.e., in D above); using(arestrictedform of) Univer
sal quanti cationwithin supeclassdescriptiongi.e., in E above);
using (a restrictedform of) Existentialquanti cation within sub-
classdescriptions(i.e., in D above); statingthat a propertyP is
Transitive statingthata propertyP is Symmetricandstatingthata
propertyP is the Inverseof a propertyQ.

Marny of theontologiesn the DAML ontologylibrary areinside
this fragmentof DAML+OIL. An immediateresultof this work is
thatLP enginescould be usedfor reasoningwith theseontologies
andfor reasoningyith (possiblyvery large numberf) facts,such
aswebpageannotationsthatusevocalulary from theseontologies.

This work represent®nly a rst stepin realisinga more com-
plete interoperabilitybetweenrules and ontologies,and the lay-
ering of ruleson top of ontologylanguagesn the SemanticWeb
“stack”. We wereableto illustrateits utility boththeoreticallyand
within our prototypicalimplementationWe believe, however, that
our study of the expressie intersectionwill provide a rm foun-
dationfor futureinvestigationsof moreexpressve languagesip to
andincludingthe expressve unionof rulesandontologies.

Futurework will include extendingthe mappingto additional
DL primitives,in particularthosewhich requirethe ability to state
andderive the equality of individuals, suchas cardinality restric-
tions(includingfunctionalpropertiesandnominals(extensionally
de ned classes).
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